The study of the emergence of large-scale pattern formation in biotic and abiotic systems is of broad scientific interest. Within biological systems pattern formation is a consequence of self-organization and collective motion displayed by the individual organisms belonging to a system or group.[@R1]^,^[@R2] Collective behaviors are observed ubiquitously in nature from higher animals such as flocks of birds, schools of fish, social behaviors of ants and termites and herd migrations through to group behaviors observed in communities of microorganisms such as the active expansion of bacterial biofilms. It has been speculated that the emergence of self-organized pattern formation offers adaptive advantages for the system to respond to the surrounding environment.[@R1]^,^[@R3]

A common feature often displayed by these collective phenomena is the formation of trails that lead to the emergence of dramatic patterns of large-scale order.[@R4] This is true for the development of bacterial communities, which are often characterized by extensive spatiotemporal patterns and multicellular structures.[@R1]^,^[@R2]^,^[@R5]^-^[@R8] Understanding the mechanisms that govern the self-organized behaviors that lead to the emergence of these patterns is an area of active research.[@R2]^,^[@R3]^,^[@R8]^,^[@R9]

An example of the self-organized emergence of striking patterns in bacterial communities is observed at the edges of actively expanding biofilms of *Pseudomonas aeruginosa* when cultured at the interface of solidified nutrient media and a coverslip. Under these conditions, the biofilms rapidly expand via type IV pili (tfp)-mediated twitching motility producing an extensive and intricate interconnected network of cells.[@R10]^,^[@R11] We recently set out to investigate how these actively expanding *P. aeruginosa* biofilm communities self-organize to produce such dramatic large-scale patterns.[@R11] We found that during active biofilm expansion, cells self-organize into highly aligned aggregates (rafts) that plough a network of interconnected furrows which physically confine the following cells, resulting in the emergence of the lattice-like network of trails that is a characteristic feature of these biofilms.[@R11] Here we have further explored the process by which the intricate network of trails is formed in actively expanding interstitial biofilms of *P. aeruginosa.*

Refinement of the trail network remodels the semi-solid substratum
------------------------------------------------------------------

In our previous study, we utilized tapping mode atomic force microscopy (AFM) to image and analyze the furrows within the semi-solid media once the cells had been removed via washing.[@R11] However, our AFM imaging system was limited to a relatively small scan size and we were unable to accurately correlate AFM scan regions with specific regions of the biofilm visualized by phase-contrast microscopy. To overcome these limitations, in this study we have utilized correlative phase-contrast microscopy and 3D optical profilometry. The latter is a non-contact mode of imaging that permits visualization of a large area and thus enables acquisition of a "birds-eye" overview of the furrow network beneath the expanding biofilm.

In this study we employed low magnification time-lapse phase-contrast microscopy to obtain a large field of view to follow the formation of the intricate trail network. Visualization of time series captured every 2s for 1hr ([Movie S1](#SUP1){ref-type="supplementary-material"}) confirmed our previous observations that the interconnected trail network forms as a consequence of aggregates of cells forging new intersecting furrows. This results in the creation of an extensive, intricate trail network that is stable over time.

Immediately following cessation of the time-series capture, the cells were washed from the biofilm. We then utilized 3D optical profilometry to visualize the topography of the substrate beneath the biofilm. This technique confirmed our previous observations that the substrate underlying the interstitial biofilm contains an intricate network of furrows ([Fig. 1A](#F1){ref-type="fig"}). However, in this study we were able to correlate the field of view obtained with phase contrast microscopy with the 3D optical profilometer image of the same region. As shown in [Figure 1A-C](#F1){ref-type="fig"}, the network of trails of cells of the interstitial biofilm correlates extremely well with the underlying furrow system such that the phase contrast image of the cellular trail network fits easily within the 3D optical profilometer image of the underlying furrow network ([Fig. 1B and C](#F1){ref-type="fig"}).

![**Figure 1.** Analyses of the interconnected furrow network that guide self-organization of *P. aeruginosa* interstitial biofilms. (**A**) High magnification 3D optical profilometery scan of the region where the time-lapse phase-contrast microscopy ([Movie S1](#SUP1){ref-type="supplementary-material"}) was performed. Overlapping scan regions were manually stitched to provide a larger field of view. Scale bar indicates 100 μm. (**B**) Overlapping phase contrast microscopy images of the region observed in [Movie S1](#SUP1){ref-type="supplementary-material"} were captured after the time-series was completed and manually stitched to provide a larger field of view that captures the leading edge rafts that had migrated out of frame in [Movie S1](#SUP1){ref-type="supplementary-material"}. Scale bar indicates 100 μm. Relevant morphological features of the interstitial biofilms are labeled. (**C**) Correlation of the biofilm cell trails to the underlying furrow network. The stitched image depicted in (**B**) was false colored green and overlaid onto the 3D optical profilometery image depicted in (**A**). The cellular network lays completely within the furrow network. Scale bar indicates 100 μm. (**D**) Analysis of furrow widths from the different areas within the interstitial biofilms indicated in (**B**). Analysis was performed using the high magnification profilometery scans with the number of measurements for each group as follows: raft head n = 21, raft trails n = 30, behind rafts n = 43, and lattice n = 77. Analyses are depicted as mean ± SD *P* value \< 0.0001 determined using a one-way ANOVA test. (**E**) 3D optical profilometery image (500μm x 280μm) of the underlying semi-solid media where [Movie S1](#SUP1){ref-type="supplementary-material"} was performed using low magnification to obtain an overview of the furrow network relative to the virgin territories. Height scale is equivalent for (**A**), (**C**), and (**E**).](cib-6-e27331-g1){#F1}

We have also performed a detailed analysis of furrow widths using data obtained with both 3D optical profilometry and AFM. Both techniques yielded equivalent values and indicate that the widths are narrower in the furrows of the lattice network compared with the furrows at the outermost regions of the biofilm ([Fig. 1D](#F1){ref-type="fig"}). We found that the widths of the furrows beneath the raft head and raft trails were equivalent (mean widths of 18.79 ± 6.52 μm and 18.50 ± 6.33 μm, respectively) whereas the widths of the furrows in the network behind the rafts and in the older, more intricate lattice network became progressively narrower (furrow mean width of 12.07 ± 4.37 μm and 8.20 ± 2.40 μm, respectively; [Figure 1D](#F1){ref-type="fig"}). These observations suggest that sustained cellular traffic through the network refines the wider channels forged by the advancing rafts.

We expected that the impact of sustained cellular traffic throughout the network would result in the furrows becoming progressively deeper in the older lattice regions of the furrow network. However, as noted previously, the furrows are shallower in these regions of the biofilm.[@R11] 3D optical profilometry enabled us to gain an understanding of how the various regions of the furrow network are situated relative to each other and the virgin territory. These analyses revealed that the furrows of the raft trails at the leading edge have high walls with their top edges equivalent to the absolute height of the virgin substrate and also that the absolute depth of the base of the furrow is often lower than that of the furrows in the older lattice network located further back in the biofilm ([Fig. 1A and E](#F1){ref-type="fig"}). In contrast, the lattice furrows have low walls and bases that are situated higher than that of the leading edge furrows ([Fig. 1A and E](#F1){ref-type="fig"}). These observations suggest that the formation of the intricate furrow network is associated with significant remodeling of the semi-solid media that occurs when new intersections are forged, resulting in the formation of an intricate interconnected network of narrow furrows with shallow walls. Interestingly, both our AFM and 3D optical profilometry data were obtained several days after removal of the cells from the media. This indicates that the furrow network is a consequence of physical changes in the media such that in the absence of cells the media does not return to its original state.

*P. aeruginosa* interstitial biofilm expansion is mediated by stigmergic self-organization
------------------------------------------------------------------------------------------

Stigmergy is a mechanism of self-organization that was first introduced by the French entomologist Grassé in 1959 to describe the social behaviors of insects such as ants and termites.[@R12] It is a concept used to describe self-organization of group activities via mechanisms that involve indirect communication mediated by alteration of the environment. The underlying principle of stigmergy is that by modifying the local environment, an individual can indirectly influence the actions of another individual at a later time thereby leading to the emergence of apparently coordinated collective behavior, accounting for the formation of complex structures, even by relatively simple "agents" that lack self-awareness or planning ability.[@R13] Stigmergy describes many diverse collective behaviors observed in nature, including the building of nests by termites and wasps, the laying down of pheromone trails that connect ant colonies to food sources,[@R12]^,^[@R14]^-^[@R16] herd migration by animals (for example, the migration of herds of caribou through deep snow), and the emergence of tracks formed by the traffic of pedestrians and hikers.[@R17]^-^[@R19] The potential of the concept of stigmergy has recently been recognized by other branches of science and is now being applied to describe various facets of human society and technology.[@R20]^-^[@R22]

With the increasing interest into the concept of stigmergy since it was first proposed in 1959, many theorists have over the years defined various categories of stigmergy, such as sematectonic and marker based,[@R23] passive and active,[@R24]^,^[@R25] and qualitative and quantitative[@R13] to better understand the different forms of communication that influences the group. In their essence, though, these forms of stigmergy essentially differentiate between physical changes to the environment or chemical signals driving the self-organizing behavior of the group. For example, trail following during herd migrations and human traffic are examples of stigmergy driven by physical cues whereas the following of pheromone trails by ants is an example of chemical signal driven stigmergy.

Interestingly, while bacteria display a variety of self-organized collective behaviors that resemble those of animals and insects,[@R1]^,^[@R2] the concept of stigmergy has yet to be applied to any self-organized activity of bacteria. We have shown that *P. aeruginosa* coordinates the expansion of its interstitial biofilms through the creation of an interconnected network within the semi-solid media. This network is initiated by the advancing aggregates of the cells, with the following cells preferentially confined to these trails.[@R11] Since these "bulldozer" aggregates alter their immediate environment by forging the furrow network, which then influence the movements of cells that traverse the area at a later time, this process of physical self-organization of bacteria into networks of trails is, by definition, a stigmergic phenomenon. To our knowledge this is the first time that physical remodeling of the substrata has been identified as a mechanism for stigmergic self-organization of bacterial communities.

By definition, the tendency of bacterial cells to follow slime trails could also be considered stigmergic phenomena. Examples include the following of slime trails by *Myxococcus xanthus* and *Proteus miriabilis* during gliding and swarming motilities,[@R26]^,^[@R27] respectively and the following of Psl exopolysaccharide trails by *P. aeruginosa* during the early stages of the formation of biofilms under hydrated conditions.[@R28] Therefore, we contend that stigmergy can be included in the repertoire of systems used by bacteria to coordinate complex multicellular behaviors. This new understanding of stigmergy as an important self-organizing principle in bacteria opens the possibility of applying modern molecular genetics to explore stigmergy and to develop testable behavioral models using a model biological system. This will ultimately lead to a greater understanding of stigmergic behaviors in other systems. Furthermore, as the active expansion of bacterial biofilms is important in the spread of infection (e.g., along implanted medical devices) and in biofouling of marine and industrial surfaces, the study of bacterial stigmergy may lead to novel approaches to the development of antimicrobial interventions that impede biofilm expansion.

Materials and Methods
=====================

Interstitial biofilm assay
--------------------------

Molten 0.4xLB solidified with 8g/L gellan gum (MP Biomedicals) was poured over sterile glass slides and allowed to set at room temperature. Slides were dried briefly to remove excess surface moisture. Media was inoculated with cells from an overnight plate culture and covered with a sterile glass coverslip and incubated at 37 °C in humid conditions for approximately 6 h prior to imaging.[@R10]^,^[@R11]

Imaging techniques
------------------

Interstitial biofilm expansion was imaged using an Olympus IX71 wide field inverted microscope (Olympus) with phase contrast optics. Time series were captured at a rate of one frame every 2s for 1 h. During phase contrast microscopy a temperature of 37 °C was maintained using an environmental control chamber (Solent Scientific Ltd).

To analyze the topography of the substratum beneath the biofilm, the coverslip was removed and cells washed away with RO water as detailed in Gloag et al. 2013.[@R11] The topography of the washed interstitial biofilms was imaged using either tapping mode atomic force microscopy (AFM) or 3D optical profilometry. AFM was performed as detailed in Gloag et al. 2013[@R11] and analyzed using MFP-3D AFM (Asylum Research) software. 3D optical profilometry was performed using a Contour GT-K1 3D optical surface profiler (Bruker, Germany) fitted with 20x and 50x objectives. Images were analyzed using Vision 4.20 (Veeco, USA) and Image SXM (University of Liverpool) software and graphed in Prism 6 (GraphPad Software Inc.). Analyses are depicted as mean ± SD.

Manual stitching of images and correlation of phase contrast microscopy and profilometry images was performed using Adobe Photoshop CS4 Extended, version 11.0 (Adobe Systems Inc.).
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